.-To test the hypothesis that dry blood-free lung weight is increased during pulmonary edema, thereby leading to an underestimation of the ratio of extravascular lung water-to-dry lung weight, we measured postmortem lung water, dry mass, and hydroxyproline content in 33 sheep with normal lungs (n = lo), high-pressure edema (n = 9), or increased permeability edema (n = 14). Residual blood in the lung, measured using hemoglobin as the intravascular marker in all sheep, and also using "'Cr-tagged red blood cells in 24 sheep, was not different between the two methods or among the three groups of sheep. Extravascular lung water increased 64% in sheep with high-pressure edema and 82% in those with increased permeability edema compared with control values. Dry blood-free lung weight was significantly greater (33% more than control values) in sheep with increased permeability edema, causing the ratio of extravascular lung water-todry blood-free lung weight to underestimate accumulated lung water by about 50%. Because hydroxyproline content of the lung was not affected by edema, the ratio of extravascular lung water-to-lung hydroxyproline content was more accurate than the ratio of extravascular lung water-to-dry blood-free lung weight. in the quantification of pulmonary edema.
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dry blood-free lung weight; wet-to-dry lung weight ratio; hydroxyproline; increased permeability edema; high pressure edema; lung blood content; sheep A BASIC PROBLEM in pulmonary edema research is accurate quantification of the amount of excess water in the lung. Methods of measuring lung water after death have included the determination of the fresh weight (20) and the ratio of the wet-to-dry weight of the lung (4, 8).
Neither of these measurements account for the large proportion of total lung weight (ZO-40%) due to blood in the pulmonary vasculature (17) . To measure only extravascular lung water, Pearce and colleagues (13) developed a method of correcting for the amount of blood in the lung. This method has been widely accepted because the weight of blood in the lung is determined using a suitable intravascular marker and because the blood-free lung water weight can be related directly to the dry weight of blood-free lung.
Several investigators have noticed an increase in dry weight of blood-free lung during pulmonary edema in both humans (7, 17) and laboratory animals (9). Such an increase in dry blood-free lung weight is predicted by our understanding of the fundamental forces governing fluid transport in the lung if the increased weight consists of constituents of blood that were extravasated with water as the edema formed (7, 9, 17). Because hemoglobin is accounted for in the calculation of dry blood-free lung, the extra weight found in edema must be primarily due to extravasated plasma proteins. If this explanation is correct, dry blood-free lung weight should increase more when microvascular barrier restriction to the flow of proteins from the plasma into the lung is decreased during permeability pulmonary edema than when it is normal during hydrostatic pulmonary edema.
To test the hypothesis that the dry weight of bloodfree lung measured by the method of Pearce et al. (13) is increased during pulmonary edema, thereby leading to an underestimation of the ratio of extravascular lung water-to-dry blood-free lung weight, we measured gravimetric extravascular lung water and dry blood-free lung weights in 33 sheep. The sheep had either normal lungs or lungs made edematous by elevation of microvascular pressures or by alteration of microvascular permeability. To serve as an independent index of lung tissue mass, we also measured lung hydroxyproline content in these same sheep. Hydroxyproline is an amino acid incorporated in the structure of collagen fibers in which it makes up about 15% of amino acid residues (2, 12) . Because hydroxyproline is not normally found in circulating blood (12, 22) , its weight should not be affected by leakage of blood constituents out of the vascular space into the lung during pulmonary edema.
Our findings supported our hypotheses. The dry bloodfree lung weight increased significantly during permeability pulmonary edema, thereby leading to an underestimation of the ratio of extravascular lung water-to-dry blood-free lung weights. Dry blood-free lung weight did not increase significantly during high-pressure edema. Hydroxyproline content of the lung was not affected by either type of edema. Thus, hydroxyproline content of the lung is a more accurate reference than blood-free dry weight for the amount of water in both types of edema.
METHODS

Experimental Preparation
We studied 33 yearling female sheep (30 t 3 kg body wt). In 26 of these sheep we used a previously described anesthetized sheep lung lymph preparation (6, 18). Briefly, these sheep were anesthetized (ketamine, 35 mg/ kg for induction, and then halothane, l-2% for maintenance), intubated, and ventilated with a respirator (model 607, Harvard Apparatus, Dover, MA) set at a tidal volume of 12-15 ml/kg, and at a rate sufficient to maintain arterial CO, partial pressure 5 40 mmHg. Through bilateral thoracotomies we put cannulas directly into the main pulmonary artery, the left atrium, and the efferent duct of the caudal mediastinal lymph node. Cannulas were also inserted into the right atrium through a jugular vein and into the femoral artery. The diaphragm was widely cauterized to interrupt systemic contributions to the caudal mediastinal lymph node. After the surgery was completed, we waited for hemodynamic and lymph flow measurements to stabilize before beginning the experiment.
During the experiment the sheep were anesthetized (pentobarbital sodium, 2.2, mg . kg-'. h-l), paralyzed (pancuronium bromide, I mg/ h), and mechanically ventilated. All of these sheep had normal arterial blood gas tensions and pH, and their lungs appeared normal on gross inspection at the start. of the experiment.
In the remaining seven sheep we used a previously described unanesthetized sheep lung lymph preparation (6, 18). These animals had similar surgery but it was done as a sterile procedure; the cannulas were brought to the outside of the animal, the wounds were closed, and the sheep recovered from surgery. These sheep were studied 2-4 wk after preparatory surgery in experiments identical to those with anesthetized sheep, except that the animals were awake, breathed spontaneously, and had free access to food and water during the experiment.
Experimental Procedure
We measured hemodynamic and lung fluid balance variables for 5-.I0 h. Five m inutes before the end of the experiment we injected approximately 5 ml of the animal's own red blood cells that had been labeled with 30-50 &i of "'Cr in 24 of the sheep. A blood sample was taken from each sheep just before death by pentobarbital sodium injection (400 mg/kg); we then removed the lungs for further study. Three different kinds of experiments were performed.
Control. We studied 10 sheep with normal lungs. We monitored hemodynamic and lung fluid balance variables for 4-6 h without intervention before killing the sheep. High-pressure edema. We studied .nine sheep with pulmonary edema caused by increased driving pressure for fluid filtration in the lung. After a stable base-line period of measurements, we elevated microvascular pressure by inflating a balloon implanted in the left atrium during surgery and infusing normal saline to maintain cardiac output. We raised left atria1 pressure high enough to result in a two-to threefold increase in lung lymph flow. After 2-3 h of high left atria1 pressure, when lymph flow was in a new steady state, we killed the sheep. We collected lung lymph and'plasma during the experiments and later measured lymph-to-plasma protein concentration ratios to make sure that the expected fall ? caused by increased fluid transport out of the vascular space into the lung during edema, had occurred.
Increased permeability edema. We studied 14 sheep with pulmonary edema caused by microvascular injury and increased permeability.
After a stable base-line period of measurements, we infused oleic acid (0.06-0.12 ml/kg over 1 h) into the right atrium. We waited until the resulting increased lung lymph flow had established a new steady state for 2 h (about 2-4 h after the infusion), and then we killed the sheep. We collected lung lymph and plasma during the experiments and later we measured lymph-to-plasma protein concentration ratios to make sure that the expected increase in protein flow into the lung, caused by damage to the microvascular barrier to protein extravasation during edema, had occurred.
Analytical Procedures
Postmortem lung and blood analyses. We prepared each lung of each sheep for analysis by methods described previously (5, 15). We removed the lungs immediately after death, weighed them, and homogenized each lung separately with an equal weight of distilled water in a large commercial blender (model 5011, Waring, New Hartford, CT). A sample of each homogenate was centrifuged (model RC 2B, DuPont-Sorvall, Newton, CT) at 30,000 g for 1 h at 5°C to obtain a clear supernatant for determination of tissue hemoglobin content. Water contents were obtained from wet weights and weights after drying to stability in an oven at 50°C. Hemoglobin and water contents were determined in duplicate as necessary on lung homogenate, supernatant, and blood. Isotope counting. We determined "'Cr activity in samples of homogenate and blood obtained from sheep injected with :"Cr-tagged red blood cells using a gamma counter (Packard Instrument, Downers Grove, IL), correcting for background and relating counts to sample weight. Hydroxyproline analysis. We measured hydroxyproline content in three samples of each homogenate. The weighed, dried homogenate sample (about 100 mg) was suspended in 2 ml of 6 NHCl and hydrolyzed for 48 h at 110°C in sealed evacuated tubes. After cooling, the tubes were opened, and the contents were diluted with distilled water to a total volume of 10 ml. An aliquot was dried in vacua at 40°C dissolved in 1 ml of pH 2.2 lithium citrate buffer, and analyzed for hydroxyproline with an automated system (model 121MB Analyzer, Spinco Division, Beckman Instruments, Palo Alto, CA) using a lithium citrate triple-buffer system (11, 16).
Calculations
The calculations are based on repeated application of the modified (5, 15) "conservation of matter" principle set forth by Pearce et al. (13) . The equations we used are listed along with a brief description of the nomenclature.
Blood content. We measured the residual blood content of each lung (Qb) using either hemoglobin (Hb) or "Crtagged red blood cells as the intravascular blood marker. Wea cells ssumed that all hemoglobin or "'Cr -tagged red blood were in the bl .ood vessels of the lung and at the Table 1 we have combined the data for the lungs of each animal and expressed the results for each group as means t SD. We compared blood mass calculated by the hemoglobin and "'Cr-tagged red blood cell methods in the same lung by a paired Student's t test. We compared measurements made in anesthetized and in unanesthetized sheep preparations within groups of sheep by an unpaired Student's t test. We compared results between groups of sheep with one-way analysis of variance (21) using Bonferroni method transformations in simultaneous multiple comparisons (19) . In all statistical tests we considered a value of P 5 0.05 as significant.
RESULTS
Control. Results of measurements in the 10 control sheep are shown in Table 1 . Residual blood in the pulmonary vasculature accounted for 38% of the postmortem lung weight. There was no difference in blood mass measured by the hemoglobin or "'Cr-tagged red blood cell methods, and blood mass determined by the hemoglobin method was used in all of the subsequent calculations. The extravascular lung water-to-dry blood-free lung weight ratio of 4.3 g water/g dry lung was within the range for normal sheep measured in our laboratory.
High-pressure edema. Results of measurements in the nine sheep with increased lung water due to increased driving pressure for fluid filtration in the lung are shown in Table 1 . High-pressure filtration was confirmed in these sheep b;v a 30% decrease in lymph-to-plasma protein concentration ratio accompanying a threefold rise in lung lymph flow in the steady state before death (data not shown). Residual blood in the pulmonary vasculature accounted for 34% of the postmortem lung weight. Blood mass was the same measured by the hemoglobin or "Crtagged red blood cell method, and blood mass determined by the hemoglobin method was used in all of the subsequent calculations. Extravascular lung water was 64% higher than in control sheep, but dry blood-free lung weight and hydroxyproline content of the lung did not differ from control values. The increases from control values in the extravascular lung water-to-dry blood-free lung ratio (53%) and to hydroxyproline content of the lung (65%) did not differ significantly.
Increased permeability edema. Results of measurements in the 14 sheep with increased lung water due to altered microvascular permeability are shown in Table  1 . Increased microvascular permeability was confirmed in these sheep by a threefold rise in lung lymph fluid flow accompanied by a threefold increase in protein flow (data not shown), indicating loss of microvascular barrier restriction of plasma protein flow into the interstitial space during the steady state just before death. Residual blood in the pulmonary vasculature accounted for 26% of the postmortem lung weight. Blood mass was the same measured by the hemoglobin or "'Cr-tagged red blood cell methods, and blood mass determined by the hemoglobin method was used in all of the subsequent calculations. Extravascular lung water was 82% higher than in control sheep. Dry blood-free lung weight was also significantly higher (33%) than in control sheep, but hydroxyproline content of the lung did not differ from control values. The increase from control values in the extravascular lung water-to-dry blood-free lung weight ratio (37%) was significantly less than the increase from control values in the extravascular lung water-to-hydroxyproline content of the lung ratio (77%).
DISCUSSION
Increases in dry blood-free lung weights have been reported to occur in humans (7, 17) and laboratory animals (9) during pulmonary edema. We tested the hypothesis that this increased weight is due to plasma constituents leaking out of the vascular space along with the edema fluid. Plasma proteins, for example, might add significant weight to the lung during edema. If 100 ml of plasma leaked into the lungs of sheep the size we studied (30 kg), about 5 g of protein would be added to the dry blood-free lung weight, calculated by the method of Pearce et al. (13) , increasing it about 10%. Extravascular lung water would increase about 40%, but the extravascular lung water-to-dry blood-free lung ratio would increase only about 30%. Moreover, as edema became more severe, this ratio would be increasingly underestimated as dry blood-free lung weight increased. Microvascular barrier restriction of plasma proteins to the vascular space is intact when pulmonary edema is U-W or 51Cr-tagged red blood cell ["'Cr] methods; Qwl, extravascular lung water; dQ1, dry free lung weight; HP, hydroxyprol ine content of the lung; wet/dry, wet-to-dry lung wt ratio.
bloodcaused by elevations of hydrostatic driving pressure for significantly (5%) when edema was caused by elevation fluid filtration in the lung microcirculation. Thus the of microvascular pressure. However, even in high presconcentration of protein in the edema fluid is much less sure edema, when large volumes of low protein fluid have than when edema is caused by increased microvascular been added to the lung, the dry blood-free lung weight permeability. For the same increase in extravascular lung will be spuriously increased, and the extravascular lung water content, dry blood-free lung weight should increase water-to-dry blood-free lung weight ratio will be undermuch more when membrane permeability is increased estimated. than when filtration pressure is increased. Our results
Because of the variability among animals in body and are consistent with this hypothesis. We found that dry lung weights and weight added to the lung by blood, an blood-free lung weight increased significantly (33%) dur-accurate index of lung mass is helpful to relate extravasing increased permeability edema but did not increase cular lung water to the blood-free lung mass present.
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This is true not only for whole lungs, such as we studied, but also for slices and other portions of the lung as well. Accurate measurement of lung water in relation to lung mass is also important when testing hypotheses that changes in lung water are related to other variables (e.g., lung lymph flow, hemodynamic measurements, or arterial blood gases).
We tested the use of the hydroxyproline content of the lung as an index of lung mass. We found that the variation of hydroxyproline content of the lung was twice as large among sheep (18%) than among the sextuplicate homogenate assays of each sheep (9%). The collagen content of the lungs of these yearling sheep, calculated from their hydroxyproline content and published values for the proportion of hydroxyproline in bovine collagen (12) , was about 14% of dry lung weight. This is similar to the l&20% figure reported for humans (14) . Hydroxyproline was not present in sheep blood or lymph (data not shown). Although extravascular lung water increased significantly during both high pressure and increased permeability edema compared with values in control sheep (Fig. l) , the hydroxyproline content of the lung did not differ among the three groups of animals. In contrast, the dry blood-free lung weight increased 33% during increased permeability edema (Fig. 2) . As a result of this increase, the extravascular lung water-to-dry blood-free lung weight ratio increased only 37% even We measured lung water and hydroxyproline contents in both anesthetized and unanesthetized sheep preparations to see if previous surgery might affect lung hydroxyproline content. We found no difference between sheep prepared just before the experiments and those studied 21 + 4 days after preparatory surgery. Apparently, the preparatory surgery we performed did not cause sufficient collagen deposition to affect the hydroxyproline content of the lung in these sheep. However, there is a possibility that the hydroxyproline content of the lung might increase as part of the repair process if the lung is damaged by previous surgery or by injury (23) .
Our measurements show that a large proportion of postmortem lung weight is due to blood in the pulmonary vasculature (38% in control sheep), and that this proportion varies from animal to animal and with different kinds Of-P ulmonary edema. Thus, wet-#to-dry lung weight ratio and fresh weight of the lun .g at the time of death (both including blood) can vary considerably due to this large weight of blood ' 7 and lung water and tissue mass are more accurate when corrected for residual blood. In our experiments, for example, the wet-to-dry lung weight ratio measured only 50% of the increase in lung water during high-pressure edema and only 25% of the increase in lung water during increased permeability edema. Although all of our sheep were approximately the same weight (30 kg), we found that sheep of widely varying hydration and nutrition may have the same body weight but different lung mass. This emphasizes the importance of having an accurate index of blood-free lung mass when quantifying pulmonary edema.
In our experiments, lung lymph was hemorrhagic during both types of edema. In sheep with edema due to high-pressure filtration, this was caused by red blood cells in the lymph; in those with edema due to increased microv ascular permeability , it was caused by free hemoglobin. We measured blood mass u sing both hemoglobin and red blood cells as the intravascular marker to see if the two method .s were equally accurate in the different types of edema. We fo und no differences i n bl .ood mass measured by these met.hods, which is in agreement with previously reported results in dogs (3). Even though hemoglobin or red blood cells leaked out of the vascular space during edema, measurement of lung water was not affected. This is probably because the extravascular blood mass is very small compared with the amount in
